Microcrystalline silicon thin films were formed on quartz substrates by ultrahigh-frequency ͑UHF͒ plasma enhanced chemical vapor deposition from a mixture of silane (SiH 4 ) and hydrogen (H 2 ) gases at low substrate temperatures (T s ). The UHF plasma was excited at a frequency of 500 MHz. The deposition rate and the crystallinity of the films were investigated as a function of H 2 dilution, total pressure, mixture ratio of SiH 4 to H 2 and T s . A crystalline fraction of 63% with a high deposition rate of 7.7 Å/s was obtained even at a T s of 100°C. At a temperature of 300°C, a crystalline fraction of approximately 86% was achieved at a deposition rate of 1.4 Å/s. Diagnostics of the UHF plasma have been carried out using a Langmuir probe, ultraviolet absorption spectroscopy, and optical emission spectroscopy. Good crystallinity was explained by the balance of the sheath voltage and atomic hydrogen densities in the UHF plasma. Namely, the UHF plasma source achieving a high density plasma with a low electron temperature enabled us to reduce the ion bombardment energy incident on the substrates while maintaining a high density of hydrogen atoms, and which improved the crystallinity at low T s .
I. INTRODUCTION
Microcrystalline silicon (c-Si) thin films are attractive for use in many device applications, for example, solar cells and thin film transistors ͑TFTs͒ in liquid crystal displays, because of their high optical absorption, high carrier mobility, and stable behavior under illumination compared to amorphous silicon (a-Si). From the viewpoint of cost, high performance of the c-Si formation process at low substrate temperatures (T s ) is required, i.e., high deposition rate and good crystallinity on inexpensive substrates such as glass substrates.
Plasma enhanced chemical vapor deposition ͑PECVD͒ is a useful method for the direct formation of c-Si films at low T s . The high dilution of silane (SiH 4 ) gas with hydrogen (H 2 ) gas was found to enhance the crystallization of PECVD Si films. [1] [2] [3] This is generally explained by the effect of surface coverage by hydrogen atoms, 1 the etching reaction by hydrogen atoms, 2, 4, 5 and/or the modification of the Si-Si network by hydrogen atoms. 6 Furthermore, it is well known that ion bombardment does not enhance the crystallinity of c-Si materials in PECVD. 7 Therefore, a plasma system with a high density and low electron temperature is expected to produce high quality c-Si films with a high deposition rate. This is because the high density plasma enhances the dissociation of feed gases to generate a large number of species, and the low electron temperature reduces the ion energy incident on the substrate. In our previous studies, an ultrahigh-frequency ͑UHF͒ plasma source with a spokewise antenna arrangement has been successfully applied to a large-scale and precise etching process at a high rate and with no damage in the fabrication of the ultralarge-scale integrated circuits. 8, 9 The UHF plasma, where no magnetic field is required to maintain a high density plasma, has a great potential to achieve a high density and low electron temperature uniform to within Ϯ5% over large areas of 30 cm diameter at a low pressure of 3 mTorr using Cl 2 plasma. In order to meet the requirements for c-Si film formation, we have successfully employed an UHF plasma system of 500 MHz with a mixture of SiH 4 and H 2 gases for the deposition of c-Si films on insulating quartz substrates. 10 In this study, the crystallinity and deposition rate of films have been extensively investigated by varying the hydrogen dilution, total pressure, mixture ratio of SiH 4 to H 2 and T s . Furthermore, we have carried out diagnostics of the plasma by Langmuir probe, ultraviolet absorption spectroscopy ͑UVAS͒, and optical emission spectroscopy ͑OES͒ to clarify the main factor determining the crystallinity in UHF plasma. On the basis of these results, the mechanism for the formation of c-Si films with good crystallinity at low temperature employing UHF plasma is discussed. Figure 1 shows the schematic illustration of the UHF plasma CVD system. The plasma was generated by supplying an UHF power at 500 MHz to a spokewise antenna with a ring, which has been described in detail elsewhere. 11 The antenna was designed to inductively couple UHF power introduced through a 3-cm-thick quartz window. The plasma source enabled us to generate a large area of plasma ͑40 cm diameter͒ with high density (ϳ8ϫ10 10 cm Ϫ3 ) and low electron temperature at around 1 eV at 20 Pa. The process chamber was evacuated by two turbo molecular pumps ͑1200 and 600 l/s͒ and a rotary pump. A road lock chamber was arranged to introduce the substrate into the process chamber without exposing the inside of the chamber to the atmosphere. The T s was controlled by a heater and thermocouple attached to the rear surface of the substrate. All films were deposited on the quartz substrate. We used a mixture of SiH 4 and H 2 gases and the SiH 4 /H 2 ratio ranged from 0.5% to 30%. The total pressure was varied from 10 to 25 Pa. Raman spectroscopy was used to evaluate the crystallinity of deposited films. The thickness of the films for Raman spectroscopy was about 700 nm throughout the present experiments. The plasma was analyzed by Langmuir probe, UVAS, and OES. A monochromator with a wavelength resolution of 0.3 nm and a photomultiplier tube to detect the light were used for the UVAS and OES measurements. A 35 GHz microwave interferometer was used to measure the electron densities. Figure 2 shows Raman spectra as a function of UHF power and T s ͑from 100 to 300°C͒ at a pressure of 14 Pa and a SiH 4 /H 2 ratio ͑R͒ of 30/100 sccm.
II. EXPERIMENT

III. RESULTS AND DISCUSSION
To evaluate the crystallinity of the films, we used the crystalline fraction assessed by decomposing the Raman spectra into three peaks, namely, crystalline ͑518 cm Ϫ1 ͒, amorphous ͑480 cm Ϫ1 ͒, and intermediate ͑512 cm
Ϫ1
͒ peaks. The crystalline fraction X c was derived from the formula as follows;
where I c , I m , and I a are the integrated intensities of the crystalline, intermediate, and amorphous peaks, respectively. is the ratio of the integrated Raman cross sections for amorphous silicon to that for crystalline silicon. In this analysis, we evaluated the crystalline fraction by subtracting the spectra due to the quartz substrate from the Raman spectra and the was assumed to be 1. 12, 13 In the case of ͑a͒ 400 W, at a T s of 100°C, only a broad peak near 480 cm
, arising from a-Si, was observed. At 200°C, a peak at 518 cm Ϫ1 appeared arising from crystalline silicon phase. On the other hand, in the case of ͑b͒ 600 W, the peaks of the crystalline phase were obtained even at 100°C. In this condition, the crystalline fraction and deposi- tion rate were estimated to be about 63% and 7.7 Å/s, respectively. At 300°C, a crystalline fraction of about 68% with a deposition rate of 9.0 Å/s was obtained. We confirmed that the crystalline fractions of all the films increased with T s . These results indicate that the SiH 4 and H 2 gases were effectively dissociated into favorable precursors and that the ion bombardment energy, which was estimated to be about 8 eV at a pressure of 14 Pa as described later, was is low enough to form the crystalline phase in the higher power region of the UHF plasma. Figure 3 shows Raman spectra as a function of SiH 4 /H 2 dilution ratio at a fixed H 2 flow rate of 100 sccm, T s of 300°C, UHF power of 600 W, and total pressure of 14 Pa. As the dilution ratio, R(SiH 4 /H 2 ), was varied from 30/100 to 10/100 sccm, the crystalline fraction was improved from 68% to 73%. The deposition rate decreased from 9.0 to 3.2 Å/s with decreasing the dilution ratio of SiH 4 to H 2 . Figure  4 shows the Raman spectra as a function of SiH 4 flow rate at a constant H 2 flow rate, UHF power of 600 W, a pressure of 14 Pa, and a T s of 300°C. As the dilution ratio was varied from 20/200 to 1/200 sccm at a high flow rate condition, the crystalline fraction was improved from 72% to 82% and the deposition rate decreased from about 6 to 1 Å/s. The origin of the bump at about 500 cm Ϫ1 was the quartz substrate. Compared with the results of Rϭ10/100 in Fig. 3 and R ϭ20/200 in Fig. 4 for a constant dilution ratio of SiH 4 /H 2 , as the total flow rate of the gas mixture increased, the deposition rate increased from 3.2 to 5.9 Å/s, while the crystalline fraction did not change much. Therefore, the total flow rate does not affect the crystalline fraction. At these conditions, the residence times of the gas were estimated to be about 3.3 s at Rϭ10/100 and 1.7 s at Rϭ20/200. Figure 5 shows the dependence of the deposition rate on the T s at an UHF power of 600 W and pressure of 14 Pa. The deposition rates were almost constant at T s from 100 to 300°C and depended on the SiH 4 flow rate. Thus, the deposition rate of c-Si films can be controlled by the SiH 4 flow rate. Figure 6 shows the Raman spectra as a function of the total pressure at Rϭ1/200 sccm and Rϭ1/200 sccm of films deposited at 300°C and 600 W. The deposition rates increased with increasing the total pressure. The crystalline fraction of films at both H 2 dilution ratios tended to decrease with an increase in the total pressure. As shown in Eq. ͑1͒, the crystalline fraction described earlier indicates the volume fraction including the crystalline and nanocrystalline components. For high quality TFTs, however, the crystalline grain size is required to be large and therefore, the crystalline component should be evaluated. The full width at half maximum ͑FWHM͒ of the crystalline component spectrum decomposed from the Raman spectra has a close relation to the grain size of the crystalline phase. 12 Namely, the lower the FWHM, the larger the grain size. Figure 7 shows the behavior of the FWHM as the total pressure was varied at 600 W and 300°C. To clarify these behaviors, we initially obtained information about the plasmas using OES. In OES measurements, small amounts of the rare gases He, Ar, and Xe were added to the SiH 4 /H 2 plasmas. The optical emission intensity of Ar is given
where n e is the electron density, N(Ar) is the density of Ar, ͑⑀͒ is the electron velocity as a function of electron energy ⑀, ͑⑀͒ is the collisional cross section for the electron impact excitation of Ar, and f (⑀) is the electron energy distribution function ͑EEDF͒. The emission rate, i.e., the integral term, is simplified by the symbol ͗͘. Figure 8 shows the normalized optical emission intensity of Ar ͓I Ar * /N(Ar)͔ and the optical emission intensity ratios of Xe/Ar and He/Ar for R ϭ1/200 and Xe/Ar ͑He/Ar͒ϭ1/1 sccm. The lines used were Xe (5p 5 6s 3 PϪ5 p 5 6 p 1 P: 823.1 nm͒, 14 Ar (1s2Ϫ2p1: 750.4 nm͒, 15 and He (1s2 p 3 P 0 Ϫ1s3d 3 D: 587.6 nm͒ and their excitation threshold energies were 9.8, 13.5, and 23.1 eV, respectively. These optical emissions were caused by electrons with higher energies than the threshold values. The Xe/Ar ratio increased while the He/Ar ratio decreased with increasing the total pressure. Xe/Ar indicates the lower energy distribution region while He/Ar indicates the higher region. This fact indicates that the EEDF in the plasma shifts to the lower energy region with increasing total pressure. Moreover, I Ar * /N(Ar) decreased with increasing the total pressure and I Ar * /N(Ar) is proportional to n e ͗͘. Hence, the decrease in I Ar * /N(Ar) means a decrease in n e ͗͘.
The electron density n e was evaluated using a microwave interferometer. Figure 9 shows the dependence of electron density on the total pressure at an UHF power of 600 W. As shown in Fig. 9 , the electron density n e increased with the total pressure and had a tendency to become saturated at pressures greater than 20 Pa in both the cases of R ϭSiH 4 /H 2 ϭ1/200 and Rϭ10/200. Almost identical electron densities were achieved for at Rϭ1/200 and Rϭ10/200 because the plasmas in both cases consisted of over 95% H 2 .
In a previous study, the ionization rate was characterized in UHF and inductively coupled plasmas ͑ICPs͒ employing Cl 2 gas. It was found that the ionization rate in the UHF plasma remained high compared with the rate in the ICP with a discharge frequency of 13.56 MHz and at low pressure, whereas the rate in the ICP fell sharply as the pressure increased. 16, 17 These results were explained by the relationship between the discharge frequency and the electroncollision frequency, namely, the discharge frequency in the UHF plasma is higher than the collision frequency in the pressure region and thus the electron energy distributions are insensitive to the variation in pressure. Moreover, the ionization rate in the UHF plasma employing Cl 2 gas increased up to about 20 Pa and was almost constant with increasing the pressure. 18 The results in the UHF plasma employing a mixture of SiH 4 and H 2 gases, shown in Fig. 9 , are reasonably consistent with those employing Cl 2 gas obtained in the previous studies. Therefore, these results indicate the specific feature of UHF plasma where the density remains high compared with other plasmas, such as ICP, not only in the lowpressure region but also in the high-pressure region from 10 to 25 Pa. n e ͗͘ decreased while n e increased. Therefore, ͗͘ decreases with increasing total pressure. The ion bombardment energy to the floating substrate is generally a function of ͗͘. Therefore, the ion bombardment energy incident on the film surface is considered to be lower with increasing total pressure. To confirm the decrease of the sheath voltage, the Langmuir probe method was also carried out. These measurements were only performed for H 2 flow rate of 200 sccm and without SiH 4 gas in order to avoid the problem of contamination on the probe in the plasma. The sheath voltage was estimated from V s -V f , where the V f is the floating potential and the V s is the space potential. Figure 10 shows the electron density, electron temperature, and sheath voltage estimated by using the probe method as a function of the total pressure at 600 W. The sheath voltage decreased with increasing total pressure. Moreover, we confirmed that the electron temperature T e decreased with increasing total pressure. The electron temperatures were derived to be 1.2 eV at 20 Pa and 0.7 eV at 25 Pa, which indicated well the characteristics of UHF plasmas with a high density and a low electron temperature. Consequently, the main factor for improving the crystallinity evaluated from the FWHMs of the crystalline component is considered to be the reduction in the ion bombardment energy. However, the crystallinity has an optimum pressure as shown in Fig. 7 . This fact means that there are factors for deteriorating the crystallinity.
Many studies have reported that hydrogen atoms play an important role for improving crystallinity. In order to investigate this further, the behavior of atomic hydrogen and the species for deposition were studied by OES and UVAS were carried out. In this study, we investigated the density of atomic silicon as one of the deposition species. The UVAS measurement, using a silicon hollow cathode lamp as the light source, was used to measure the absolute densities of the atomic silicon in the gas phase. 19, 20 The transition 3 p 2 2 P 2 Ϫ3 p4s 3 P 2 line of atomic silicon atom at 251.6 nm was used for the measurement. On the other hand, no simple measurement method has been established for obtaining the absolute density of atomic hydrogen. Hence, OES was employed to estimate the behavior of the relative densities of atomic hydrogen.
In the SiH 4 plasma highly diluted by H 2 gas, the optical emission ͑e.g., H ␣ ) is considered to be mainly due to the dissociative emission from H 2 molecules and excitation of H atoms. 21 Thus, the optical intensity indicates the production rate of hydrogen atoms. Figure 11 shows the silicon density and the optical emission intensity of H ␣ ͑656.3 nm͒ as a function of the total pressure at Rϭ1/200 sccm and 600 W. From the intensity of H ␣ , hydrogen atoms in the plasma seem to decrease with increasing total pressure. This agrees with the result that electrons with high energy, probably dissociate H 2 molecules, decrease with increasing total pressure as discussed in Fig. 8 . The number of silicon atoms increased with increasing the total pressure. This indicates that the species for deposition still increase with pressure although the production rate of n e ͗͘ decreases. Consequently, the decrease in the ratio of atomic hydrogen density to the deposition species is considered to be the main reason for deterioration of the crystallinity. For the Rϭ10/200 result, the optimum pressure is considered to lower compared with the Rϭ1/200 result, because of the increase in the deposition species compared to hydrogen atoms.
From these results, it was found that good crystallinity is explained by the balance of the sheath voltage, that is, the ion incident energy, and the ratio of hydrogen atoms to the deposition species in UHF plasma. The reduction of the sheath voltage with increasing ratio of hydrogen atoms to deposition species was considered to be a key factor for improving the crystallinity at low T s . Therefore, this UHF plasma source will provide a promising process for synthesizing good quality c-Si films with high deposition rates at low T s .
IV. CONCLUSIONS
In this study, we have employed an UHF plasma system of 500 MHz using a mixture of SiH 4 and H 2 gases to deposit c-Si films at low temperatures from 100 to 300°C. The deposition rate was controlled by the SiH 4 flow rate and the crystalline fraction increased with increasing H 2 dilution ratio. A crystalline fraction of 63% with a high deposition rate of 7.7 Å/s was obtained even at a of 100°C. At a temperature of 300°C, a crystalline fraction of approximately 86% was achieved at a deposition rate of 1.4 Å/s. Moreover, it was clarified that the electron density was constant against a variation of pressures around 25 Pa and an optimum pressure for crystallinity existed. This was explained from the viewpoint of atomic hydrogen and sheath voltage. From plasma diagnostic tests using a Langmuir probe, UVAS, and OES, it was found that the reduction in the sheath voltage with increasing the atomic hydrogen density to deposition species was a key factor for improving the crystallinity at low T s . The UHF plasma excited at 500 MHz was able to produce a low-electron temperature and high density over a wide pressure range and an excellent plasma uniformity over a large area. Thus, UHF PECVD will be very useful for the lowtemperature formation of c-Si films with good crystallinity and high deposition rates on insulated substrates over large areas.
